Abstract 2
INTRODUCTION
The Imperial Valley (Figure 1 ) comprises the northern part of the Salton Trough, a tectonic depression at the northern end of the Gulf of California. It is also the southern terminus of the San Andreas transform system. In a recent series of reports (Lachenbruch and others, 1983a (Lachenbruch and others, , 1983b (Lachenbruch and others, , 1984 , we have sought to explain the thermal regime of the Imperial Valley and its surrounding terranes in terms of steady-state thermo-mechanical models involving extension, intrusion or accretion of basalt, subsidence and sedimentation. Details of the thermal regime of the surrounding crystalline terranes are presented by Lachenbruch and others (1984) . In this report, we present 322 estimates of heat flow from the unconsolidated sediments of the Imperial Valley, together with supporting temperature, thermal conductivity, and heat-production data.
The heat-flow data (Figure 2) consist of: 1) 15 heat flows published by Mase and others (1981) for the Glamis -East Brawley area ( Figure 1) ; 2) an additional 11 values obtained in the Central and Western Imperial Valley--both of these data sets were obtained using the in situ technique described by others (1979, 1981) ; 3) temperature data from 260 temperature-gradient wells were obtained from Republic Geothermal, Inc. (R. W. Rex, personal communication, 1983) . Temperature gradients below 60 m were combined with the mean thermal conductivity obtained in situ (1 and 2 above) to obtain estimates of conductive heat flux ( Figure 2 ); 4) heat flow at 34 sites in the East Mesa area (Figures 1 and 2 ) for which data were originally published by Swanberg (1974a Swanberg ( , 1974b ) was re-evaluated by combining the least-squares gradients below 46 meters with the mean in situ conductivity; 5) data from two deep wells near El Centre ( Figure 2 ) were used to estimate heat flow. 
NEW HEAT FLOWS
To fill in some obvious gaps in geographical coverage, 11 sites labeled IV03 through IV17 ( Figure 2 ) were drilled during May of 1983, and in situ temperature and thermal conductivity determinations were attempted using the technique described by others (1979, 1981) at various depths. Based on the experience of Mase and others (1981) in the Glamis -East Brawley geothermal fields (Figure 1 ), downhole probe runs were made initially at 60 m, then 90, 120, and sometimes, at 140 m. Because of mechanical problems with the probe system, we were unable to achieve the necessary penetration beyond the drill bit in IV03.
In IV04, the drill encountered highly silicified partly consolidated material which could not be penetrated by the downhole probe. For these sites, casing was left in the wells for later conventional temperature logs, and thermal conductivities were estimated from laboratory measurements on drill cuttings.
A composite diagram illustrating temperature profiles in all 11 wells is presented in Figure 3 .
Continuous temperature logs obtained about a month after drilling are shown for wells IV03 and IV04. Each of the remaining profiles comprises the three or four discrete temperatures obtained during drilling joined by straight line segments. Extrapolated surface temperatures range from *^24 to 27 °C. For convenience in assessing individual profiles, the temperature data are plotted with arbitrary temperature scale in Figure 4 .
A total of 44 in situ determinations of thermal conductivity were obtained (Table 1) .
The distribution of values is bimodal ( Figure 5 ), corresponding to alternating layers of sandy and relatively clay-rich sediments. The mean conductivity of 1.89 ± 0.33 (SD) is intermediate between the modes of ~1.6 and 2.25 W m l K 1 t both the distribution and mean are similar to those for the Glamis -East Brawley area ( Figure 6 ) so that we combined the two data sets (Figure 7 ) to derive a mean value of 1.88 ± 0.34 (SD) for the unconsolidated sediments in the upper ^200 m of the Imperial Valley.
Thermal conductivities were also measured on drill cuttings from the various wells using the "chip" technique of Sass and others (1971) . Individual conductivity-depth pairs are presented in Table 2 , and the distribution of values is illustrated in the histogram of Figure 8 . Once again, the distribution is similar to that found in the Glamis -East Brawley region (cf., Figure II -l of Mase and others, 1981) , and the means are comparable (2.88 ± 0.57 (SD) W m" 1 K" 1 versus 3.03 ± 0.73 for Glamis). The samples were sieved (MOO mesh) and washed from the flow line during drilling. Possible systematic errors in grain conductivities might arise from both contamination by drilling mud and loss of fines to the drilling mud. We have no way of assessing precisely the magnitude of such errors; however, studies of both core and cuttings from other areas (e.g., Sass and others, 1977) suggest that they amount to no more than a few percent.
No independent determinations of formation porosity were made. We were, however, able to "back out" values of porosity by assuming that the in situ thermal conductivity (K , Figure 6 . Histogram of in situ thermal conductivities from the Glamis -East Brawley area (see Mase and others, 1981) . Table 2 ) by a geometric mean relation s K, = K (1 "<° K*
(1) f s w where K and <j> are the thermal conductivity of liquid water and fractional porosity, respectively.
Taking logarithms and rearranging terms in equation 1,
The 24 values of porosity calculated from equation 2 varied from 8% to 38% ( Figure 9 ) with mean of 26% ± 10% (SD), a value identical to that obtained by Mase and others (1981) for Glamis -East Brawley. If we use the overall means for in situ and grain conductivities (Figures 5 and 8) then from equation 2, <|> also is 26%. This is some 10% lower than average well-log porosities for the Imperial Valley between 300 and 600 meters. Sediments in the upper ^200 meters seem to be less permeable than underlying sediments, however, as evidenced by the almost ubiquitous conductive temperature profiles and by the absence of natural discharge of thermal fluids in the Imperial Valley. We may surmise that this is due to more poorly sorted, lower-porosity lacustrine sediments having been deposited in the Imperial Valley during the late Pleistocene and Holocene epochs than previously.
The heat-flow values plotted on Figure 2 for wells IV05-IV17 were calculated by combining interval gradients between successive temperature points with the mean "in situ" thermal conductivity, Table 1 , according to
where q is heat flow, K is mean conductivity, and T is the interval gradient (T -T /Z2 -Zl). We also calculated heat flows more conventionally L*2. Lt 1 (Table 3 ) by using the least-squares temperature gradient and the harmonic mean grain thermal conductivity adjusted according to equation 1 by the mean inferred porosity of 26%. The in situ values tend to be slightly higher than those calculated conventionally (Table 3) , but for all wells, the two values agree to well within the estimated uncertainty of the conventional calculation. This agreement is encouraging, even though the two sets of heat-flow determinations are not completely independent. Calculated from least-squares gradient and harmonic mean grain conductivity corrected for 26% porosity.
2 Number of conductivity measurements. 3 <K > = Harmonic mean grain conductivity, o 4K = <K<;> * K , K = Thermal conductivity of water, 0 = fractional porosity.
GENERAL APPLICABILITY OF REGIONAL MEAN IN SITU THERMAL CONDUCTIVITY
The agreement between mean porosities inferred from in situ and grain conductivities over an area encompassing IV03 through 17 and the Glamis -East Brawley measurements (unlabeled circles, Figure 2) is encouraging, and leads to the question of_ whether our mean in situ thermal conductivity of 1.88 ± 0.34 (SD) W m" 1 K~x (Figure 7 ) might be generally applicable to the sediments in the upper MOO-200 meters of the Imperial Valley. On the one hand, the fact that the mean (Figure 7 ) falls within a part of the histogram representing only a few actual determinations is somewhat discouraging; on the other hand, the stratification of sediments in most wells reflects this bimodality with layers composed primarily of sand and silt alternating with relatively clay-rich layers, although layers composed purely or even primarily of clay are relatively rare (R. W. Rex, personal communication, 1983) . C. A. Swanberg (personal communication, 1984 , and manuscript in preparation) has pointed out that for alluvial material, bimodal distributions of conductivity will result from identical lithologies from measurements taken above and below the water table. The natural water table in the Imperial Valley is quite shallow (usually <30 m), and we made our first downhole probe run at 60 m or deeper. Thus, we prefer the explanation of alternating clay-rich and sandrich layers.
If we examine the heat-flow data in Table 3 , we may note that in all but two instances (IV04 and IV11) using the mean conductivity rather than that specific to the site in question would characterize the heat flow to within ±10%. For IV11 we would be within 13%, and IV04 was a special case insofar as the sediments were very arenaceous and sufficiently well cemented that we could not penetrate the formation more than 2-3 cm with the downhole heat-flow probe. A similar result would be obtained in the Glamis -East Brawley area (cf., Table 2 , Mase and others, 1981) .
We thus conclude that, for the depth range 30-150 m (60-150 m in areas that have been irrigated for a significant period (see Mase and others, 1981) , we may combine the average thermal gradient from any well with our mean in situ thermal conductivity (equation 3) and obtain a reliable estimate of heat flow in the majority of cases.
-19 -HEAT-FLOW ESTIMATES FROM INDUSTRY DATA R. W. Rex (personal communication, 1983) made available temperaturegradient data from 260 wells deeper than 60 m (dots, Figure 2 ). Based on the apparent generality of our mean thermal conductivity, we combined the gradient data with the mean conductivity of 1.88 Wm l K 1 (equation 3) to obtain estimates of heat flow. Where Republic's data (dots) overlap with ours (open circles), the agreement is, in general, very good (Figure 2 ) lending further credence to our assumption regarding the general applicability of our conductivity value. The distribution of heat-flow data is treated in detail in the discussion. For the present, we note, (Figure 2 ) that most heat flows are in the range 100-200 mW m 2 , with higher values concentrated in known geothermal fields (cf., Figure 1 ). Swanberg (1974a Swanberg ( , 1974b Swanberg ( , 1975 updated some earlier estimates of heat flow from the East Mesa area by Combs (1971 Combs ( , 1972 and presented additional data for the area. In the absence of detailed information on thermal conductivity, Swanberg (1974a) devised an ingenious method of estimating heat flow based on the temperature gradients within the "best clay," a layer greater than 3 m thick of low thermal conductivity having a characteristic signature on passive y-ray logs, and characterized by the highest interval temperature gradients on the temperature logs. By plotting temperature gradients as a function of heat flow from four wells in which there was sufficient conductivity data to specify heat flow, he inferred a thermal conductivity (from the slope of the q-F line, see equation 3) of 1.0Wm 1 K 1 for the "best clay," and applied this to the "best clay" layers in other wells in the area.
RE-EVALUATION OF EAST MESA DATA
To bring the East Mesa data into conformity with our other heat-flow estimates, we used our mean thermal conductivities to calculate heat flow within the lowermost linear segment of each temperature profile (Table 4) . Some of Swanberg's values were higher than ours, but in general, our heat-flow estimates were significantly higher than his. For 28 sites, our mean heat flow (242 mW m~2 ± 19 SD) is some 20% higher than the mean of Swanberg's (1974a) values, 193 ± 13 (SD).
We believe that the discrepancy arises from Swanberg's (1974a) use of unrepresentative or erroneous values of thermal conductivity (Combs, 1972) or from the fact that some of the "best clay" intervals probably contained some sand and silt and thus, had higher conductivities than the 1.0 Wm x K x assumed by Swanberg.
We, therefore, prefer our own estimates to the previously published ones. 
HEAT-FLOW ESTIMATES FROM TWO DEEP TEST WELLS
"Direct use" wells were drilled at the Holly Sugar plant near Imperial (HOLL) and on the east side of El Centre (ELCT) (Figure 2 ). The wells were 1.8 and 2.5 km deep, respectively (Figure 10 ). The log in the Holly Sugar well was obtained by us more than six months after drilling, and thus should represent an equilibrium temperature profile.
The temperature log in the El Centre well (Figure 10 ) was made by a commercial well-logging firm only 16 days after completion of a 37-day drilling period. Near-surface temperatures indicate considerable disequilibrium as we would expect a surface temperature in the 24 to 27 °C range in contrast to the 30+ °C observed. The "stairsteps" in the El Centro log represent depths where the temperature sonde was stopped (every 500 feet or M50 m) to allow sonde and well fluid to equilibrate (logging speed was MO m/min) .
No lithologic information or samples were available from the Holly Sugar well. Hence, the only heat-flow estimate we could make was by combining the gradient_ in the upper M50 m with our regional average conductivity of 1.88 W m" 1 K" 1 .
Much curvature is evident in the upper 200 m of the HOLL profile (Figure 11 ), but there is a relatively linear segment between 80 and 160 m --the depth interval used to establish the regional mean conductivity. The least-squares temperature gradient over this interval is 49.5 ± 0.2 °C km x which when combined with our regional mean conductivity yields a heat flow of 92 mW m 2 . The temperature gradient increases sharply below 300 m (Figure 10 ) then decreases gradually, consistent with a more-or-less constant grain conductivity and the decrease in porosity generally observed between 300 and 2500 meters in the Imperial Valley (Rex and others, 1971) . The leastsquares temperature gradient between 300 and 1500 m is 66.5 ± 0.1 °C/km. If the heat flow at depth is 92 mW m 2 as we have estimated for the upper M60 m, then the mean conductivity is 1.38 W m 1 K 1 . For a grain conductivity of 2.9 W m l K x (consistent with our results from the upper M50 m of the Valley, Figure 8 ), a mean porosity of ^45% in the interval 300 to 1500 m is required to produce this formation conductivity. If mean porosity is lower, then so is the grain conductivity.
Alternatively, if the gradient is disturbed or the regional average conductivity above 160 m is not applicable to this well, then the heat flow may be higher than our estimate of 92 mW m 2 . (If we use conductivities from the same depths from the El Centro well, discussed below, the mean heat flow between 300 and 1800 m is 113 mW m 2 .) In the absence of deep information on porosity and conductivity from this well, however, we cannot choose among the various alternatives, and we adopt the value of 92 mW m 2 as our "best estimate" for this site, even though it may be an underestimate.
For the El Centro site, both drill cuttings and numerous geophysical logs were available, and we were able to estimate the formation thermal conductivities in a variety of ways (Table 5 ). The pertinent basic data were the porosity (<j>) from density logs, the interval compressional wave velocity (v ), and the grain thermal conductivity (K ) measured on drill cuttings. 
where <j) in this case is the % porosity (PHI, Table 5 ).
As an exercise, we compared Kl and conductivity estimates made from two of the relations established by Goss and Combs (1975) Table 6 ), it is clear that the Goss-Combs relations do not adequately predict the formation conductivity. Examination of their basic data showed that Goss and Combs (1975) had no core data from the Imperial Valley at the low conductivity -low velocity end of the scale.
As a further exercise, we performed linear regression analyses on our own basic data and derived the following relations for the data set of Table 5 : K4 = 0.124 + 0.669 V (7) P and K5 = 1.94 -0.033<{> + 0.334 V
These relations provide a better overall fit to our "reliable" estimate (Kl) of formation conductivity (Figure 13 ) than the original Goss-Combs relation, although not as good a fit at the high-conductivity end (Table 6 , 1.5 to 2.5 km).
We may reasonably expect that equations 7 and 8 will provide reliable estimates of thermal conductivity for other wells in the Imperial Valley for which cuttings samples are not available but for which velocity and porosity logs are.
Initially, we made heat-flow estimates between 305 and 2500 m at 305 m intervals by combining least-squares gradients from the observed temperature profile (Figure 10 ) with harmonic mean values of Kl (Table 5) We attributed these inconsistencies to the obvious disequilibrium in temperatures. Since the lowermost part of the temperature profile should be very nearly in equilibrium, the equilibrium mean surface temperature is around 25°C and the thermal conductivity structure of the well is adequately characterized by Kl (Table 5) , we elected to estimate heat flow based on the product of the harmonic mean Kl and the mean gradient between the assumed surface temperature of 25°C and the bottom-hole temperature, represented by the dashed straight line of Figure 10 . The mean gradient^ is_50.85 °C/km and the harmonic mean of 39 values of Kl, 1.83 ± 0.06 (SE) W m" 1 K* 1 , resulting in a heat flow of 93 mW m" 2 .
As a test of our assumptions, we constructed a synthetic temperature profile (Figure 14) constrained by the heat flow of 93 mW m 2 , a surface temperature of 25°C, and the conductivity structure as characterized by Kl (Table 5) . Qualitatively, the synthetic profile is very plausible, indicating elevated temperatures in the upper half of the observed profile, and depressed temperatures in all but the lowermost portion of the lower half. The fit between the two profiles near the bottom of the hole could be improved by a combination of a slightly higher surface temperature and sligjitly lower conductivity in the upper 300 m (we assumed a value of 1.88 W m 1 K *, our regional average from shallow holes).
Although somewhat uncertain, our heat-flow estimates from two deep wells confirm that the thermal regime of the upper ^2.5 km is conductive over much of the Imperial Valley (an observation made independently by others in several exploratory wells) and indicate that the heat flows obtained at relatively shallow depths (<200 m) are representative of the deeper thermal regime (Figure 2 ). 
DISCUSSION
We now have 322 estimates of heat flow from the unconsolidated deltaic and lacustrine sediments of the Imperial Valley to varying depths (although most wells are shallower than 160 m) and of variable quality. The density of coverage varies (Figure 2 ) even though we have sampled most parts of the valley. Based on sparse coverage, the western edge of the valley appears to have generally lower heat flows than the remainder, either from lateral recharge or from the lack of heat sources at depth. Within the overall high heat-flow pattern, there are clusters of very high heat flow generally associated with known geothermal areas (cf., Figures 1 and 2 ) flanked by zones of relatively lower heat flow. Inasmuch as there is no natural discharge of thermal fluids within the Imperial Valley, we interpret these variations in terms of local convective upwellings and corresponding downward limbs in the relatively permeable sediments. Based on observations in fairly deep wells (e.g., Figure 10 ) the convective systems appear to be fairly deep (~2 km or greater) in some localities, although they come much closer to the surface at other sites.
The primary purpose of the present study was to provide a heat-flow constraint on physical and thermal models for the Salton Trough (Lachenbruch and others, 1983a (Lachenbruch and others, , 1983b (Lachenbruch and others, , 1984 . Because of the variability both in heat flow and distribution of values, a simple average of all heat flows would not be satisfactory for this purpose. To take account of the uneven distribution, we divided the valley into 3 f x 3' areas (approximately 5 km on a side), averaged all heat flows within each such element (Figure 15 ), then averaged these mean values to obtain our characteristic heat flow for the Imperial Valley. The resulting_distribution of 99 3' x 3' elements ( Figure 16 ) has a strong mode at ~140 mW m 2 , but because of very high averages from some of the known geothermal areas (Salton Sea, Brawley and Heber, Figure 1 ), the distribution is somewhat skewed with a mean of 166 mW m 2 . If we exclude elements whose average heat flow is >280 mW m 2 (crosshatched, Figure 16 ), which are almost certainly over-represented in the entire population, we are left with 89 elements demonstrating a more normal distribution with mean of M40 mW m 2 , a value which we adopt as our surface heat-flow constraint.
The surface heat flow is the sum of the mantle and lower crustal components and the heat produced in the valley sediments themselves. It is convenient, when modeling fundamental tectonic processes on the continents, to subtract the upper crustal component to arrive at a "reduced heat flow." Since the Colorado River Delta sediments found in the Imperial Valley were derived, in large part, from granitic crystalline rocks, we might expect a sizable component of the observed background heat flux to come from radioactive decay within these rocks.
A composite one-kilogram sample from each of the Glamis wells (Mase and others, 1981) and from wells IV03 through IV17 was analyzed by Y"* ray spectrometry for U, Th, and K (A. R. Smith, personal communication, 1983 Smith, personal communication, , 1984 . The results and the resulting radiogenic heat-production values (Table  7) are in the range_ one would expect from granitic detritus. The mean of 21 values is 1.45 pW m 3 ± 0.29 SD. Using an average thickness of 10 km for the sediments (see Lachenbruch and others, 1984) , the reduced heat flow will then be about 125 mW m 2 .
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